Abstract. On-site measurements from rain gauge provide important information for the design, construction, and operation of water resources engineering projects, groundwater potentials, and the water supply and irrigation systems. A dense gauging network is needed to accurately characterize the variation of rainfall over a region, unfitting for conditions with limited networks, such as in Sarawak, Malaysia. Hence, satellite-based algorithm estimates are introduced as an innovative solution to these challenges. With accessibility to dataset retrievals from public domain websites, it has become a useful source to measure rainfall for a wider coverage area at finer temporal resolution. This paper aims to investigate the rainfall estimates prepared by Tropical Rainfall Measuring Mission (TRMM) to explain whether it is suitable to represent the distribution of extreme rainfall in Sungai Sarawak Basin. Based on the findings, more uniform correlations for the investigated storms can be observed for low to medium altitude (>40 MASL). It is found for the investigated events of Jan [5] [6] [7] [8] [9] [10] [11] 2009: the normalized root mean square error (NRMSE = 36.7 %); and good correlation (CC = 0.9). These findings suggest that satellite algorithm estimations from TRMM are suitable to represent the spatial distribution of extreme rainfall.
Introduction
The understanding of spatial distribution for rainfall, especially during extreme conditions is important for water resources planning, river basin management, hydrological and ecological applications, assessment of groundwater potential, and the design of water supply and irrigation systems [1, 2] .
In-situ measurements from rain gauge have been implied as the ground truth observations where it yields relatively reliable point records of precipitation [3] . However, the precipitation depth collected by the rain gauge is affected by local turbulence, variations in vertical velocities, and rapid short-term fluctuations in the moisture that flow into the area above the rain gauge [4] . There is also the possibility of sampling errors when measuring these instabilities, particularly when extrapolating the probable maximum yield. In addition, a dense network of rain gauges is also required to accurately characterize the variation of rainfall pattern over a region. Unfortunately, this is not an ideal condition for areas with a limited network or sparse distribution of gauging and meteorological stations in the tropics, such as in Sarawak, Malaysia. This has resulted to engineering and technological challenges in understanding the spatial distribution of rainfall especially during storm events.
Hence, remotely sensed satellite-based precipitation (SBP) estimates are introduced as an innovative solution to these challenges. With the free accessibility to retrieve this dataset from public domain websites, it has become a useful data source to measure rainfall for a wider coverage area at finer temporal resolution.
Among various SBP products is the Tropical Rainfall Measuring Mission (TRMM). The TRMM system is the pioneer of satellite-based program mission specifically to observe precipitation in the tropics. Operating at a lowaltitude orbit of 402 km and declination of 35° to the equator, the satellite orbits the globe 16-times over the tropical regions within the 24-hour duration. TRMM Multi-Satellite Precipitation Analysis (TMPA) provides a sequential scheme of combined rainfall estimates from multiple satellites, which is also calibrated with onground rain gauge observations. TMPA has 0.25º x 0.25º scale of spatial resolution and temporal resolution of 3-hourly scales over the tropical region between 50º N-50º S [5] .
Several studies have evaluated the different types of SBP products. For example, three SBP products: TMPA 3B42 real time (RT), TMPA 3B42 v7 and Climate Prediction Center Morphing Technique (CMORPH) were assessed to analyze the seasonal rainfall variability in Pakistan [6] . The TMPA 3B42 v7, its predecessor v6, and the North-Western South America Retrospective Simulation (OA-NOSA30) in the Pacific-Andean region of Ecuador and Peru were evaluated in order to compensate for data scarcity [7] , whereby the performance of SBP products: TMPA 3B42 V6, V7 and RT, the NOAA/Climate Prediction Center Morphing technique (CMORPH), Hydroestimator (HYDRO) and the Combined Scheme algorithm (CoSch) were evaluated by [8] . The analysis was conducted in southern South America. In Malaysia, the performance of SBP products: TMPA 3B42 RT and v7, Global Precipitation Climatology Project (GPCP-1DD), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN-CDR), CMORPH and Asian Precipitation Highly Resolved Observational Data Integration towards Evaluation of the Water Resources (APHRODITE) were assessed by [9] . They maintained that TMPA 3B42 v7 has better accuracy to estimate rain with lower bias results. They also concluded that TMPA 3B42 products showed the closest estimations during flood events induced by heavy precipitation.
However, despite datasets calibration between ground observations and SBP products, discrepancies still do exist. Sampling frequency, the satellite's spatial and temporal resolution and width of swath, non-uniform field or sensor's view and the uncertainty to quantify the precipitation retrieval algorithm may attribute to these errors [10] . Furthermore, studies also found that modulating orographic and relief variations in higher ground elevations or mountainous regions could also affect SBP performance. For example, TRMM precipitation radar (PR) were evaluated over the mountainous regions in the southern of continental United States [11] . It was found large biases and low correlation in the satellite precipitation rates.
Thus, there is a need to evaluate the remote sensing satellite observations with ground surface of varying elevation in the tropics to verify its accuracy. Moreover, there has yet been any studies evaluating the suitability of the TRMM satellite algorithm estimates to represent the distribution of rainstorms especially during flood events in Sarawak. This paper's aim is to investigate the mentioned ground surface elevation on rainfall estimates prepared by TMPA 3B42 v7 on its suitability to represent the spatial distribution of extreme rainfalls in Sungai Sarawak Basin (SSB).
Study area
SSB is located in the south-western part of Sarawak state with an approximate coverage of 2,459 km 2 comprising of 2 principal tributaries, namely Sungai Sarawak Kiri and Sungai Sarawak Kanan. The two rivers confluence at Batu Kitang while the main stem flows through the capital, Kuching City. Sungai Sarawak spreads over 120 km in length separating the capital into northern and southern regions, before finally flowing into the South China Sea [12] . The site is situated in the tropics between the latitude of 1º0' N and 2º0' N and longitude of 109º30' E and 111º0' E. Digital elevation model (DEM) of SSB are extracted from NASA's Shuttle Radar Topography Mission (SRTM) and the positions of the available rain gauge stations and the study area is depicted in Figure 1 .
All year round, SSB experiences wet and humid climate, characterized by high annual rainfall, humidity, and temperature. There are two monsoon seasons experienced by the state, the North-East Monsoon (NEM), comes with heavy rainfall from November to March. Meanwhile, the lesser rainfall seasons, SouthWest Monsoon (SWM) occurs from May to September and two transition periods occur in April and October. Average rainfall varies between 3000 to 5500 mm annually and temperature fluctuates within the range of 20º C to 36º C [13] [14] [15] . 
Methods
Rainfall Spatial Modelling is prepared using a Geographic Information System (GIS), whereby Table 1 summarizes the GIS thematic data layers, the data format or representation, and their sources applied in the research. 
Ground surface observations
According to Sarawak Hydrological Station Inventory, there are 43 gauging stations available in SSB [16] . The current overall network density for the catchment area is about 57 km 2 per gauge, which is relatively dense within the guideline by the World Meteorological Organization (WMO). For tropical zones, the suggested minimum density of rain gauge stations are (600~900) km 2 and (100~250) km 2 for flat areas and mountainous areas, respectively [17] . Nonetheless, the gauge density in SSB is below the ranges of the typical urban rain gauge catchments, which is one gauge per (10~20) km 2 [18] . Hourly rainfall data collected from DID was screened through for outliers and any data that shows inconsistency was removed. Consequently, due to insufficient records, only 25 rain gauge stations were considered. Table 2 shows the details of the rain gauge stations such as the station names and the geographical coordinates of their respective locations. The TRMM multi-satellite orbits the globe with a 35º inclination to the equator. Therefore, the data is rearranged based on the Universal Traverse Mercator (UTM) geographical coordinate system with the datum of World Geodetic System of 1984 (WGS84). For mapping purposes, the reference coordinate system is projected to the Rectified Skew Orthomorphic (RSO) map projection system. The projected coordinate system is referred as the Timbalai 1948 RSO Borneo Meters with False Easting of 2,000,000 m and False Northing of 5,000,000 m in the transformation parameters. The RSO map projection system provides an optimum solution to reduce distortion whilst remaining conformal to suit the coordinate's computation and cadastral mapping [21] .
The mission time for TRMM is measured based on Coordinated Universal Time (UTC) [22] . Therefore, it needs to be adjusted to Malaysian local time: UTC + 0800 hour [23] . The acquired data at similar instants in the local time were stratified by the local standard time at a 3-hourly time interval.
Accumulation maps of TMPA 3B42 v7 have total rainfalls computed over time for a given grid cell of continuous data variables with few or no gaps. Since the gaps are treated as the same values as 0, this may result in low bias in data with gaps [22] . Rainfall accumulation maps are generated from the website in Network Common Data (NetCDF) format. NetCDF is an interface for array-oriented data access that presents data access libraries freely for various programming languages such as C, C++, Fortran, and Java [24] . The gridded data files containing both the geographical coordinates and the accumulated rainfall depth for each grid cells are imported into the GIS platform. Each grid cell has a fine spatial resolution of 0.25º x 0.25º scale at approximate distance of 15' x 15' ≈ 27.73 km x 27.73 km. The TMPA grid cell maps have 20 cells being considered on the SSB as labelled in Figure 2 . By using ArcGIS, the retrieved rainfall accumulation maps are converted as point maps to obtain rainfall accumulation depth for each grid cell. [25] , therefore the normalized root mean square error (NRMSE), or also known as the relative RMSE, is introduced. The statistic index is used to measure the reliability of the satellite algorithm precipitation estimates. The recommended value of NRMSE is (<50 %) [26] . The Pearson's Correlation Coefficient (CC) is used to measure the agreement between precipitation estimations from satellite and observations from rain gauge. Ideally the values of CC range from (-1< CC <+1). The CC value of +1 specifies perfect positive fit while values of -1 indicate a perfect negative fit. If there is no linear correlation or weak linear correlation then the CC is near 0.
For validation of the TMPA 3B42 v7, rainfall observations from the ground surface (rain gauge) that The following continuous statistical methods by [9] are used to evaluate the quality of the TMPA 3B42 v7 3-hourly precipitation:
(1)
where, Cov = Covariance; σ(P obs ) = Standard deviation of rain accumulation from ground surface observations (rain gauge); σ(P est ) = Standard deviation of rain accumulation from satellite estimations (TMPA 3B42 v7); P obs = Precipitation accumulation from ground surface observations (rain gauge); and P est = Precipitation accumulation from satellite estimations (TMPA 3B42 v7).
Performance assessment using continuous statistics
Presented in Table 3 20178701006 Referring to Table 4 To assess the performance of the satellite estimates during heavy precipitation for different elevations, the datasets are classified into 2 groups: 1) for lower altitude of (<40 MASL) elevation (Table 5) ; and 2) low to medium altitude of (>40 MASL) elevation (Table 6) .
For lower altitudes, the RB indicates systematic overestimations by TMPA 3B42 v7 is observed during storm periods: For low to medium altitude, the RB is within (±33.4 %) and indicates a majority of systematic underestimations by TMPA 3B42 v7 for the rest of the storm periods, except for storm period: Jan 24-30, 2009 (Table 6 ). The magnitude of average error and the relative RMSE are the highest during the storm period of Jan 05-11, 2009 (RMSE = 236.5 mm, NRMSE = 36.7 %) and has the best fit of correlation (CC = 0.9). Notably, a higher CC value also leads to a larger RMSE value in this case. However, more uniform and positive correlation for all storm events can be observed for low to medium altitude (>40 MASL). Furthermore, all random errors of the TMPA 3B42 v7 estimations are (<50 %) of the measured rain gauge observations. Therefore, the satellite algorithm estimates are deemed reliable. These findings also suggest that satellite algorithm estimations from TMPA 3B42 v7 are suitable for low to medium ground elevations (>40 MASL) during extreme rainfalls. This proves that TMPA 3B42 v7 estimations have better agreement with gauging observations for higher ground levels than lower levels, which matches with other's study findings [27] [28] [29] . Generally, overall results indicate the tendency for underestimations by TMPA 3B42 v7 when compared to rain gauge observations during seasonal heavy precipitation, regardless of varying elevations. The differences between ground surface observations and satellite estimations are anticipated because the TMPA 3B42 v7 satellite grid are accumulated average SBP product with a spatial resolution of 27.73 km by 27.73 km distance, but compared to the ground observations, which is a measurement from single point rain gauge.
Spatial distribution of rainstorms
Spatial distribution of rain accumulation from ground surface observations (rain gauge) and satellite algorithm estimations (TMPA 3B42 v7) for the four rainstorm events are presented in Appendix A. Spatial interpolation by means of the Kriging estimation approach is used to represent the rainfall distribution during rainstorm events. Based on comparison of the rainfall maps, the locations of the storm eye for each storm period are quite similar. These results reinstate that the TRMM satellite algorithm plot has represented the spatial distribution of extreme rainfalls in SSB effectively.
Notably, for storm periods of Jan 05-11, 2009, the variability of the spatial distribution differs greatly between TMPA 3B42 v7 and rain gauge. The maximum rain accumulation during this period is recorded at 455.4 mm (TMPA 3B42 v7) and 950.5 mm (rain gauge). A large difference of TMPA 3B42 v7 and rain gauge estimation (-495.1 mm) indicates a significant gap between the two.
Conclusion
This paper compares the rainfall distribution from ground surface observations (rain gauge) and satellite algorithm estimations (TRMM). Precipitation accumulation for the 6-day duration during rainstorm events is retrieved from TMPA 3B42 v7 dataset. An investigation is then conducted to determine the suitability of TRMM satellite algorithm estimates to represent the distribution of extreme rainfalls in SSB.
Based on the investigation, the satellite algorithm datasets from TMPA 3B42 v7 are reliable and suitable for extreme rainfall estimations. Moreover, the TRMM satellite algorithm plots have also represented the spatial distribution of extreme rainfalls in SSB effectively. Nevertheless, precaution must be considered when using the data, where the results indicating the tendency of underestimations by TMPA 3B42 v7.
This research has utilized research method sourcing alternative data from public domain satellite (TRMM) that are accessible to public. Furthermore, the alternative method also provides the platform for innovative solutions to engineering and technology challenges that contribute to understanding the variation pattern of rain during extreme conditions. The findings are relevant to regions with limited gauging stations, but satellite algorithm estimates (TRMM) do not necessarily substitute the observations from rain gauge and is only useful for additional information or as an alternative data source. Hence, the accuracy and robustness of the TRMM satellite product needs to be further explored in hydrologic modelling which can determine theoretically ideal conditions.
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